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Two new studies show that phosphorylation by
Aurora B kinase controls the centromere localization
and catalytic activity of the microtubule depolymerase
MCAK. Physical tension from microtubule attachment
may influence access of MCAK to Aurora B kinase
and its opposing phosphatases.
Unlike other kinesins that transport cargo, mitotic
centromere-associated kinesin (MCAK) and the other
members of the KinI subfamily of kinesins catalyze
microtubule disassembly, a key element in normal
chromosome movement. Each mitotic chromosome has
two sister centromeres which underlie the kinetochores,
the proteinaceous structures that bind to, and move on,
the spindle microtubules. MCAK is found throughout
the cell but is concentrated at the centromeres and
kinetochores and in the spindle poles. Aurora B kinase,
a regulator of chromosome movement and microtubule
dynamics, is also concentrated at the centromeres of
chromosomes prior to sister chromatid separation. This
co-localization led two research groups [1,2] to hypoth-
esize that Aurora B might phosphorylate, and thereby
regulate, MCAK. This hypothesis has proven strikingly
accurate. Aurora B phosphorylation regulates both
localization of MCAK to the centromere and its micro-
tubule depolymerase activity. Moreover, subtleties in
the precise subcellular arrangements of phospho-vari-
ants of MCAK may provide clues to the intriguing role of
mechanical tension in regulating kinetochore attach-
ment and chromosome motion.
Using in vitro phosphorylation and mass spec-
troscopy, both groups [1,2] identified Aurora B target
sites on MCAK; Aurora B phosphorylation of MCAK
strongly inhibits its ability to depolymerize microtubules
in solution. Each group generated anti-phosphopeptide
antibodies to conserved sites: Andrews et al. [1] to a
peptide including phosphoserine 92 of Chinese hamster
MCAK, and Lan et al. [2] to phosphoserine 196 in
Xenopus MCAK, a site in the regulatory ‘neck’ region of
the motor domain. Immunoblotting and immunofluores-
cence confirmed both sites are phosphorylated in living
cells during M phase. Both groups found removal of
Aurora B activity blocked MCAK accumulation at cen-
tromeres: Andrews et al. [1] with small interfering
(si)RNA, and Lan et al. [2] with the Aurora kinase inhibitor
Hesperidin and by immunodepletion from Xenopus
extracts. Immunodepletion of MCAK from extracts did
not affect the accumulation of Aurora B at centromeres
[2], consistent with earlier observations [3] that Aurora B
targeting to centromeres depends on its binding to
Incenp and Survivin. Aurora B activity was not required
for MCAK accumulation at spindle poles [2]. 
To investigate the in vivo role of Aurora B phosphory-
lation, Andrews et al. [1] expressed MCAK with
mutations at identified phosphorylation sites. Overex-
pression of wild-type MCAK is known to induce depoly-
merization of microtubules in mitotic and interphase
cells [4]. Single mutations or mutation of multiple sites
from serine (S) to alanine (A) did not affect this depoly-
merization activity, but mutation of two serines or (more
potently) of all five serines to glutamate (E) to mimic
constitutive phosphorylation reduced MCAK’s depoly-
merase activity. Mutant enzyme with quintuple S-to-A or
S-to-E changes led to defects in spindle structure or
chromosome attachment.
Lan et al. [2] investigated the in vivo role of phospho-
rylation with their anti-phospho-serine 196 antibody,
which they suggest locks centromeric MCAK in the
inactive state. In Xenopus egg extracts, the antibody
caused misalignment of chromosomes at metaphase;
injected into tissue culture cells, it delayed chromosome
congression to the metaphase plate. They also noted an
exaggerated oscillatory movement of chromosomes at
the metaphase plate, some cells entering anaphase
before all chromosomes reached metaphase alignment.
Although some cells injected with anti-phospho-serine
196 antibody had spindle abnormalities, most had
normal bipolar spindles. The effect of anti-phospho-
serine 196 contrasts with the ‘hairy spindles’ (massively
enhanced astral microtubules extending from the
spindle poles) and the large spindle defects induced
when general anti-MCAK antibodies are used [4].
Perhaps the most provocative idea stimulated by
these studies is that mechanical tension from micro-
tubules distorts the interface of MCAK with its compet-
ing regulators, Aurora B kinase and type 1 protein
phosphatase, allowing control of MCAK depolymerase
activity at specific subregions of the centromere/kineto-
chore. This may help to correct improper chromosome
attachments (Figure 1). Over thirty years ago, Nicklas
and Koch [5] discovered that mechanical tension
applied with a microneedle to chromosome arms in
living insect spermatocytes artificially stabilized the oth-
erwise unstable orientation of both kinetochores
attached to one pole (syntelic, Figure 1). In budding
yeast, the Aurora B homolog Ipl1 is required for the
release of inappropriate microtubule-kinetochore
attachments [6]. Studies with drug inhibitors support a
similar function for Aurora B in vertebrate cells [7,8].
Subcellular regulation of MCAK depolymerase to
release inappropriate microtubule binding would seem
an ideal mechanism.
Andrews et al. [1] compared the detailed distributions
of MCAK and Aurora B on chromosomes at different
stages of alignment. In mono-oriented chromosomes
lacking bipolar attachment, the centromeres were close
together, and the distributions of MCAK and Aurora B
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overlapped completely. When the centromeres were
stretched apart in bi-oriented chromosomes at the
metaphase plate, Aurora B remained at the cen-
tromeres but a portion of MCAK extended outward into
the kinetochores. Consistent with high-resolution
studies of MCAK distribution on the larger chromo-
somes of Ptk2 cells by Kline-Smith et al. [9], these
results suggest that the concentration of MCAK within
subregions of the centromere/kinetochore may be reg-
ulated by tension imposed by microtubules. 
Aurora B kinase is opposed by type 1 phosphatases
[10,11], which are highly enriched in subregions of
mitotic chromosomes [11,12]. MCAK’s depolymerase
activity might be switched on when microtubules pull
MCAK away from high concentrations of Aurora B at
the inner centromere into areas of high phosphatase
activity at the kinetochore or in the pericentromeric
chromatin (Figure 2). This might release improper
microtubule attachments (merotelic, Figure 2B).
Reducing total tension across the sister kinetochores
(syntelic, Figure 2B) might cause areas of high phos-
phatase activity in the outer kinetochores to fall in
toward the centromeres and activate MCAK depoly-
merase activity.
Both groups found their anti-phospho-MCAK anti-
bodies often labeled a smaller, asymmetrically distrib-
uted, subregion within the total, centromere-associated
MCAK. Andrews et al. [1] found that their quintuple S-
to-E mutant protein concentrated at the inner cen-
tromere, the quintuple S-to-A mutant preferring a more
distal location, at inner levels of the kinetochore region,
suggesting that phosphorylation of MCAK by Aurora B
may regulate its localization within the centromere/kine-
tochore. They also carried out photobleaching experi-
ments with GFP-tagged MCAK at centromeres, finding
rapid recovery with half-times of just a few seconds.
Recovery slowed slightly upon chromosome alignment
in cells expressing wild-type or quintuple S-to-A mutant
MCAK, but not the S-to-E mutant. The surprisingly rapid
exchange of MCAK and other centromere-associated
proteins challenges definitions of protein ‘localization’
detected by immunolabeling or live imaging of cells
expressing fluorescent proteins. Rather than static
attachment, localization in many instances appears to
reflect equilibrium between a cytoplasmic pool and a
high local concentration maintained at subcellular sites
such as centromeres. This brisk exchange of protein
between pools provides opportunities for rapid
responses to changing cellular conditions.
Asymmetries in the distributions of total MCAK and
MCAK phospho-variants within subregions of the
centromere/kinetochore are consistent with a role in
guiding chromosome movement. Most chromosome
movements occur while microtubule plus ends are
embedded in the kinetochore. Prometaphase move-
ments of chromosomes to align at metaphase require
that microtubules coordinately shorten at the leading
kinetochore while those at the trailing kinetochore
lengthen. At anaphase, the movements of the separated
chromatids to the poles also occur largely through the
disassembly of microtubules at kinetochores in verte-
brate somatic cells. Might the directed movement of
chromosomes be dependent upon specific regulation of
the ‘microtubule disassembly machine’ MCAK? The
issue remains controversial.
From antibody injection data, Rogers et al. [13]
propose that two Drosophila KinI proteins, KLP59C at
the centromeres and KLP10A at the spindle poles, drive
chromosome movement in anaphase by disassembling
microtubules at both ends. In vertebrate cells, MCAK
may not play a direct role in anaphase chromosome
movement. Interfering with all or just centromere-asso-
ciated MCAK yields lagging chromosomes at anaphase,
but does not globally inhibit anaphase chromosome
movement [9,14]. Lagging chromosomes might result
from uncorrected syntelic or merotelic attachments that
persist into anaphase when MCAK is compromised.
The participation of other vertebrate KinI proteins in
anaphase cannot be excluded. 
More compelling is the case that vertebrate MCAK
guides directionality during prometaphase chromo-
some movement; other proteins are likely to be respon-
sible for the actual work of moving chromosomes along
the spindle microtubules. In cells expressing a trun-
cated form of MCAK that displaces endogenous MCAK
specifically from centromeres, chromosomes attach
and move at normal rates on the spindle but have diffi-
culty in alignment at the metaphase plate [9]. Interfering
with Aurora B kinase similarly causes defects in align-
ment [15]. Centromeric MCAK, regulated by Aurora B,
may thus fine tune chromosome guidance for reaching
metaphase. 
When a chromosome near a pole moves toward the
metaphase plate its leading kinetochore has fewer
microtubules than the trailing kinetochore [16]. How is
the bias toward the spindle equator achieved? One pos-
sibility is that, at the leading kinetochore, the distribu-
tion of tension over relatively few microtubules results
in a greater local distortion at each binding site, perhaps
pulling the binding site and associated MCAK into a
phosphatase-enriched area and activating the MCAK
depolymerase (chromosome congression, Figure 2C).
Current Biology
R347
Figure 1. Normal and abnormal microtubule attachments to
chromosomes. 
Amphitelic: normal bipolar attachment of sister centromeres to
opposite poles. Merotelic: abnormal attachment of one kineto-
chore to both poles. Syntelic: abnormal attachment of both sister
kinetochores to one pole. Abnormal attachments can arise spon-
taneously and are usually resolved by loss of the improper con-
nections, a cellular correction mechanism that may rely on
mechanical tension.  Persistent abnormal attachments lead to
mis-segregation of the chromosomes (aneuploidy).
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On the trailing kinetochore, tension is distributed across
more microtubules so that MCAK remains inhibited by
Aurora B kinase. After aligning at metaphase, stochas-
tic loss of individual microtubules or elasticity of micro-
tubule binding sites may allow oscillatory movements
(metaphase alignment, Figure 2C). 
These speculative ideas are certainly incomplete in
accounting for chromosome behavior in mitosis. For
example, they do not incorporate other important mod-
ulators of Aurora B–MCAK interaction such as the
recently described ICIS protein [17]. They also do not
address the important contributions of other mediators
of chromosome movement, such as microtubule motor
molecules associated with kinetochores and chromo-
some arms, or microtubule flux in the spindle. This new
work may provide a long-sought biochemical link
between mechanical tension and chromosome move-
ment. A long-term goal will be the understanding, at a
structural level, of how mechanical tension may regulate
Aurora B’s ability to control MCAK and other substrates.
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Figure 2. Models for regulation of MCAK
depolymerase by microtubule-induced
tension. 
(A) Schematic ‘resting’ chromosome
showing concentrations of MCAK
(yellow) and Aurora B (red) in the
centromere and concentrations of type 1
phosphatase in the kinetochore (dark
green) and pericentromeric chromatin
(light green). (B) Unstable merotelic
attachment stretches MCAK into
phosphatase-rich pericentromeric areas
where activated MCAK depolymerase
induces microtubule release. Unstable
syntelic attachments cause loss of inter-
kinetochore tension resulting in inward
collapse of the outer, phosphatase-rich
kinetochore into the centromere,
activation of MCAK depolymerase, and
release of microtubules. (C) MCAK in
chromosome movement. A chromosome
moving from the pole to the metaphase
plate (single headed arrow) has fewer microtubules on the leading kinetochore; the consequent greater local distortion stretches the
microtubule binding site into the zone of high phosphatase and activates the MCAK depolymerase. On the trailing kinetochore
tension is spread across a greater number of attachments reducing the stretch of individual attachments; MCAK is inhibited by
Aurora B. At metaphase, stochastic loss of individual microtubule attachments and/or the elasticity of the chromatin results in
transient activation of MCAK allowing for stretching apart of kinetochores (‘breathing’) and oscillatory movement of chromosomes
at the metaphase plate (double headed arrow).
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